Stojkov NJ, Janjic MM, Bjelic MM, Mihajlovic AI, Kostic TS, Andric SA. Repeated immobilization stress disturbed steroidogenic machinery and stimulated the expression of cAMP signaling elements and adrenergic receptors in Leydig cells. Am J Physiol Endocrinol Metab 302: E1239 -E1251, 2012. First published February 28, 2012 doi:10.1152/ajpendo.00554.2011.-This study was designed to evaluate the effect of acute (2 h daily) and repeated (2 h daily for 2 or 10 consecutive days) immobilization stress (IMO) on: 1) the steroidogenic machinery homeostasis; 2) cAMP signaling; and the expression of receptors for main markers of 3) adrenergic and 4) glucocorticoid signaling in Leydig cells of adult rats. The results showed that acute IMO inhibited steroidogenic machinery in Leydig cells by downregulation of Scarb1 (scavenger receptor class B), Cyp11a1 (cholesterol side-chain cleavage enzyme), Cyp17a1 (17␣-hydroxylase/17,20 lyase), and Hsd17b3 (17␤-hydroxysteroid dehydrogenase) expression. In addition to acute IMO effects, repeated IMO increased transcription of Star (steroidogenic acute regulatory protein) and Arr19 (androgen receptor corepressor 19 kDa) in Leydig cells. In the same cells, the transcription of adenylyl cyclases (Adcy7, Adcy9, Adcy10) and cAMPspecific phosphodiesterases (Pde4a, Pde4b, Pde4d, Pde7a, Pde8a) was stimulated, whereas the expression of the genes encoding protein kinase A subunits were unaffected. Ten times repeated IMO increased the levels of all adrenergic receptors and ␤-adrenergic receptor kinase (Adrbk1) in Leydig cells. The transcription analysis was supported by cAMP/testosterone production. In this signaling scenario, partial recovery of testosterone production in medium/content was detected. The physiological significance of the present results was proven by ex vivo application of epinephrine, which increased cAMP/testosterone production by Leydig cells from control rats in greater fashion than from stressed. IMO did not affect the expression of transcripts for Crhr1/Crhr2 (corticotropin releasing hormone receptors), Acthr (adrenocorticotropin releasing hormone receptor), Gr (glucocorticoid receptor), and Hsd11b1 [hydroxysteroid (11-␤) dehydrogenase 1], while all types of IMO stimulated the expression of Hsd11b2, the unidirectional oxidase with high affinity to inactivate glucocorticoids. Thus, presented data provide new molecular/transcriptional base for "fight/adaptation" of Leydig cells and new insights into the role of cAMP, epinephrine, and glucocorticoid signaling in recovery of stress-impaired Leydig cell steroidogenesis.
duced by the adrenal gland in both sexes (reviewed in Ref. 74 ). Leydig cells of testes, like all other steroid-producing cells, synthesize steroid hormones from a common precursor, cholesterol. The specific requirement for cholesterol is met by selective uptake of extracellular cholesterol by receptors, including the scavenger receptor type B1 (SCARB1). Transport of cholesterol from intracellular sources into the mitochondria is a rate-limiting and hormone-sensitive process that requires the presence of a specific complex of transport carrier proteins, including the translocator protein (TSPO) and the steroidogenic acute regulatory (StAR) protein (reviewed in Ref. 73) . Once delivered to the inner mitochondrial membrane, cholesterol is converted to pregnenolone by the cytochrome P-450 cholesterol side-chain cleavage enzyme (CYP11A1, known as P450scc). Pregnenolone is further metabolized to progesterone by mitochondrial or microsomal 3␤-hydroxysteroid dehydrogenases (HSD3B). In Leydig cells, maturation of progesterone to androstenedione is catalyzed by the 17␣-hydroxylase/C17-20lyase (CYP17A1) while further conversion of androstenedione to testosterone is dependent on activity of 17␤-hydroxysteroid dehydrogenase (HSD17B), steroid dehydrogenase specific for androgen production. Testosterone can act directly on target cells through androgen receptor (AR), or it can be converted to dihydrotestosterone (DHT) by the 5␣-reductase, or to estradiol by the aromatase (CYP19A1) (reviewed in Ref. 58 ). The steroidogenic function of Leydig cells is predominantly regulated by pituitary luteinizing hormone (LH) or its placental counterpart human chorionic gonadotropin (hCG), as well as in response to numerous steroidogenic stimuli, intratesticular factors, and signaling pathways. LH/hCG receptor activation leads to stimulation of adenylyl cyclase (ADCY), accumulation in cAMP intracellular levels, and the concomitant activation of the cAMPdependent kinase (PKA). The phosphodiesterases (PDEs) terminate cAMP signaling and have regulatory function in Leydig cells (12, 18) . Although Leydig cell steroidogenesis is mainly activated through LH receptor, regulation itself is a multicompartmental process and includes neural (13) and complex endocrine, paracrine, and autocrine signaling pathways (reviewed in Refs. 25, 58, 67) . Many transcription factors are involved in regulation of the steroidogenic machinery expression (reviewed in Refs. 43, 51, 54, and 71) . In addition, many complex signaling pathways in Leydig cells might be involved in the regulation of testicular steroidogenesis, providing an adaptive mechanism by which testicular structures, including Leydig cells, recover from stress.
The ability of stress to inhibit reproductive function is well documented (reviewed in Refs. 27 and 64) . A sharp decline of serum testosterone is one of the first signs of immobilization stress (IMO). Acute stress-induced reduction of testosterone production appears to be related to the inhibition of the activities of testicular steroidogenic enzymes (50, 55, 56, 72) . On the contrary, in prolonged or repeated stress, testosterone production starts to recover, suggesting that the increased steroidogenic capacity of Leydig cells is somehow associated with restored activity of steroidogenic machinery (39, 40) . Although it is well established that acute stress increased glucocorticoid activity and reduced testosterone levels (reviewed in Ref. 27 ), the effect of long-term stress on steroidogenesis has not been sufficiently examined. In addition, the important determinant is also setting the level of glucocorticoid activity in Leydig cells, regulated by 11␤-hydroxysteroid dehydrogenases (HSD11B), type 1 (HSD11B1) oxidoreductase, and type 2 (HSD11B2) unidirectional oxidase that inactivates glucocorticoids (23, reviewed in Ref. 27) . However, much less is known about the roles of catecholamines in modulating the stress response at the level of the Leydig cell. Monoamines are known to be signaling agents in the testis (1, 2, 52, 53) , and stress accelerates both release and turnover of brain monoamines and their receptors (reviewed in Refs. 19 and 20) .
Despite the popular interest in stress, the lack of fundamental knowledge about the stress hormone receptor milieu, cAMP signaling, and steroidogenic machinery in the steroid-producing cells such as Leydig cells hampers our ability to understand the short-and long-term consequences of stress. This study was designed to evaluate the effect of acute (2 h daily) and repeated (2 h daily for 2 or 10 consecutive days) IMO on: 1) the steroidogenic machinery homeostasis; 2) cAMP signaling; and the expression of main markers of 3) glucocorticoid and 4) adrenergic signaling in Leydig cells of adult rats.
Glossary

Actb
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MATERIALS AND METHODS
Materials
The goat polyclonal antibody raised against a peptide mapping within an internal region of CYP11A and a rabbit polyclonal antibody raised against the COOH-terminus of CYP17A1 were obtained from Santa Cruz (www.scbt.com). The actin detection kit was purchased from Oncogene Research Product (www.emdbiosciences.com). The anti-mouse, anti-rabbit, and anti-goat secondary antibodies linked to the horseradish peroxidase were obtained from Kirkegaard and Pery Labs (www.kpl.com). The anti-testosterone-11-BSA serum no. 250 and anti-progesterone-11-BSA serum no. 337 were kindly supplied by Gordon D. Niswender. /F-12) , HEPES, penicillin, streptomycin, EDTA, Percoll, BSA fraction V, collagenase type IA, pregnenolone, progesterone, ⌬-androstenedione, testosterone, NADPH, NAD, isobutyl methylxanthine (IBMX), trypan blue, ␤-glycerophosphate, tergitol (Niaproof 4, type 4), dithiothreitol, leupeptin, and aprotinin were from Sigma (www.sigmaaldrich.com). All other reagents were of analytical grade.
Methodology for the studies included in this article is briefly outlined here, but it was previously reported by our group in more detail (for references, please see 5 and 38). 
Ethical Approval by the Institutional Animal Care and Use Committee
Animals and Stress Model
Adult (3 mo old, 250 -270 g) male Wistar rats, bred and raised in the Animal Facility of the Department of Biology and Ecology (Faculty of Sciences, University of Novi Sad, Serbia), were used for the experiments. The animals were raised in controlled environmental conditions (22 Ϯ 2°C; 12:12-h light-dark cycle, lights on at 7:00 A.M.) with food and water ad libitum. IMO was performed in the morning (from 0800 to 1000) by the method of Kvetnansky (41) described previously (37, 39, 40, 50) . Briefly, IMO rats were bound in the supine position to a wooden board by fixing the rat limbs by thread to the wooden board, but head motion was not limited. Rats were divided into the following groups consisting of four animals each: 1) control group, freely moving (unstressed) rats; 2) IMO1ϫ2, rats subjected to IMO for 2 h; 3) IMO2ϫ2, rats subjected to repeated 2 h IMO for 2 consecutive days; and 4) IMO10ϫ2 h, rats subjected to repeated 2 h IMO for 10 consecutive days. At the end of the IMO period control, the IMO animals were quickly decapitated without anesthesia, and trunk blood was collected. Individual serum samples were stored at Ϫ80°C until assayed for LH and androgen [testosterone ϩ dihydrotestosterone (TϩDHT)] levels. All experiments were repeated three to five times.
Preparation of Purified Leydig Cell and Ex Vivo cAMP and Androgen (TϩDHT) Production
To follow ex vivo androgen production, and the expression of steroidogenic machinery elements (steroidogenic enzymes, proteins related to the steroidogenesis, transcription factors), cAMP signaling elements (adenylyl cyclases, PKA subunits, cAMP-specific PDEs), and receptors for main stress hormones/mediators, we used primary cultures of purified Leydig cells obtained from control and stressed rats prepared as described previously by our group (for references please see 5 and 38) . The proportion of Leydig cells present in culture was determined by staining for 3␤HSD activity and was found to be 95.3 Ϯ 1.7%. The viability was tested by using the 0.2% trypan blue dye exclusion test (Sigma), which determined total cell counts and ensured that Ͼ90% of the cells were viable. The steroidogenic capacity of Leydig cells (estimated by dose-dependent stimulation with hCG) and the activity of steroidogenic enzymes (estimated by incubating cells with increasing concentrations of steroid substrates) were in line with those previously published (for references please see 5 and 38) . Purified Leydig cells obtained individually from four rats were pooled, plated in 90-mm Petri dishes (5 ϫ 10 6 cells in 5 ml culture medium/dish), and placed in to the CO2 incubator (34°C) for 3 h to attach and recover. Three to five replicates of each pool/group were cultured for ex vivo secretion and expression analysis. After 2 h, cell-free media was collected and stored at Ϫ80°C before the measurement of cAMP and androgen levels. In some experiments, cAMP and androgens were also measured in cell content. The plating of the Leydig cells obtained from control/IMO rats in several replicates allowed possibility for extraction of nucleotides, steroids, or RNA from the same population of Leydig cells and comparison with secretion analysis (for references please see 5 and 38) .
Extraction of cyclic nucleotide. For extraction of cyclic nucleotide from content some plates with Leydig cells obtained from control/ IMO rats were scraped with ethanol, extracts were subjected to freeze-drying lyophilization in a vacuum-speed lyophilizer, and the resulting pellet was dissolved in 1ϫ PBS enriched with 0.1% BSA and 1 mM IBMX (for references please see 5 and 38) .
Extraction of steroids. Extraction of steroids was done by scraping and homogenizing previously plated Leydig cells obtained from control/IMO rats in PBS, following the extraction with 3 vol of diethyl ether three times (61) .
Expression analysis of transcripts/proteins.
For the expression analysis of transcripts/proteins, previously plated Leydig cells obtained from control/IMO rats were lysed and used as a source of RNA/protein (for references please see 5 and 38). Please find detailed description below.
HSD3B and HSD17B enzyme activities in postmitochondrial fractions. The activities of steroidogenic enzymes in postmitochondrial fractions were estimated as described previously by our group (for references please see 50) with some modifications. To prepare the postmitochondrial fractions, the Leydig cells obtained from control/IMO groups were homogenized in 50 mM phosphate buffer containing 0.25 M sucrose (pH 7.4), using a glass-glass homogenizer. After centrifugation (4°C for 20 min at 1,500 g), the supernatants were mixed with dextran-coated charcoal to remove the endogenous steroids. The samples were centrifuged at 1,500 g for 10 min, and supernatants were further centrifuged at 12,000 g for 20 min. The HSD3B activity was estimated through the conversion of added pregnenolone to progesterone. The incubation solution, with a final volume of 2 ml, contained 25 M pregnenolone, 135 M NAD ϩ , 100 mM phosphate buffer (pH 7.4), and 0.1 ml of the postmitochondrial fraction (3.2 g proteins/ tube). Mixtures were incubated for 10 min at 37°C in a shaking water bath in an atmosphere of 95% O 2 ϩ 5% CO2. The HSD3B was measured in the presence of subsaturating concentration of pregnenolone [the estimated Michaelis constant (Km) ϭ 8.43 Ϯ 1.76 M]. The HSD17B activity was estimated in postmitochondrial fractions by conversion of ⌬4-androstenedione to testosterone. Briefly, in the final volume of 0.25 ml, the incubation solution contained 10 M ⌬4-androstenedione, 1 mM NADPH, 0.1 M phosphate buffer (pH7.4), and 0.1 ml postmitochondrial fractions (3.2 g proteins/tube). Mixtures were incubated for 10 min at 37°C in a shaking water bath in an atmosphere of 95% O 2 ϩ 5% CO2. The selected incubation times were within temporal linearity of the enzyme activities. Enzyme reactions were initiated by adding 0.1 ml postmitochondrial fractions and terminated by placing the tubes in an ice-cold bath. The samples were stored at Ϫ20°C until assayed for progesterone or testosterone by radioimmunoassay (RIA).
Hormones and cAMP Measurement
LH and androgen (TϩDHT) levels were measured by RIA, whereas corticosterone and cAMP were measured by EIA. For serum LH levels, all samples were measured in duplicate, in one assay (sensitivity Ͻ1 ng/ml; intra-assay coefficient of variation 4.2%), by RIA according to the manufacturer's protocol [ALPCO Diagnostic-LH (Rat) RIA], and the minimum detectable concentration has been assayed at 0.14 ng/ml (4, 38) . Levels of androgens in serum, medium, or cell content are referred to as TϩDHT because the anti-testosterone serum no. 250 showed 100% cross-reactivity with DHT (for references please see 5 and 38). All samples were measured in duplicate in one assay (sensitivity: 6 pg/tube; intra-assay coefficient of variation 5-8%). Progesterone measurements were assayed in duplicate, by RIA (sensitivity 6 pg/tube; intra-assay coefficient of variation 6.8%) using the anti-progesterone serum no. 337 (38) . For serum corticosterone levels, all samples were measured in duplicate, in one assay, by the corticosterone EIA Kit (www.caymanchem.com) that typically displays an IC 50 value [50% bound/unbound (B/B0)] of ϳ150 pg/ml and detection limit (80% B/B0) of ϳ30 pg/ml. The levels of cAMP in medium or in cell content of scraped purified Leydig cells was measured by the cAMP EIA Kit (www.caymanchem.com) that permits cAMP measurement with a limit of quantification of 0.1 pmol/ml (at 80% B/B 0) and IC50 of ϳ0.5 pmol/ml for acetylated cAMP samples (for references please see 5 and 38).
RNA Isolation and cDNA Synthesis
Total RNA from purified rat Leydig cells were isolated using the RNeasy kit reagent following a protocol recommended by the manufacturer (www.qiagen.com). Following DNase-I treatment, firststrand cDNA was synthesized according to the manufacturer's instructions (www.invitrogen.com). An aliquot of 5 l of the RT reaction product (25 ng RNA calculating on starting RNA) was amplified with the PCR reagent system. Negative controls consisting of nonreverse transcribed samples were included in each set of reactions. Quality of RNA and DNA integrity was checked by using primers for RS16, GAPDH, and ␤-actin, as described before by our group (for references please see 5 and 38).
Real-Time PCR and Relative Quantification
The relative expression of the genes was quantitated by real-time PCR, and two types of chemistries were used to detect PCR products: SYBR Green-based and TaqMan Low Density Array (TLDA)-based detection.
SYBR green. The relative expression of the genes by using SYBR Green for amplicon detection and ROX as an internal reference dye was done as previously described (for references please see 5 and 38). Standard PCR settings were used in an ABI Prism 7900HT Sequence Detection System (Applied Biosystems) in the presence of an aliquot of 5 l of the RT reaction product (25 ng RNA calculating on starting RNA) as well as specific forward and reverse primers. The primers were designed by using softver Primer Express 3.0 (Applied Biosystems) and full genes sequences from the National Center for Biotechnology Information Entrez Nucleotide database (www.ncbi.nlm.nih-.gov/sites/entrez). The primer sequences used for real-time PCR analysis, including GenBank accession codes for full gene sequences, are given in Tables 1-4 . GAPDH/␤-actin mRNA was also measured in the same samples and used to correct variations in RNA content among samples. A melt curve analysis was performed to ensure a single product was generated. The relative quantification of gene expression was calculated using ABI Prism 7900HT sequence detection system software and the Relative Quantification Manager (Applied Biosystems). Relative quantification of each gene was done in duplicate, three times for each gene and two times for each of three independent in vivo experiments (for references please see 5 and 38) .
TLDA rat phosphodiesterase and rat GPCR panel assays. The expression of the genes for phosphodiesterases in Leydig cells obtained from control and experimental rats were analyzed in relativequantification real-time PCR by using the TLDA Rat Phosphodiesterase Panel Assay and ABI Prism 7900HT Sequence Detection System and Relative Quantification Manager Software as described previously by our group (for references please see 5 and 38). In the same manner, but using the TLDA Rat GPCR Panel Assay, the expression of the genes for corticotropin-releasing hormone receptors (Crhr1, Crhr2), adrenocorticotropic hormone receptor (Acthr), adrenergic receptors (Adr), and ␤-adrenergic receptor kinases (Adrbk) in Leydig cells obtained from control and experimental rats were analyzed. The Gapdh/Actb genes were used as endogenous controls and quantitated in the same real-time PCR as a part of TaqMan Low Density Rat Panels, and then used to correct for variations in RNA content among samples. Each sample was run in duplicate or triplicate, three times for each gene, for each of three independent in vivo experiments.
Protein Extraction and Western Blot Analysis
After incubation, Leydig cells (5 ϫ 10 6 /well) were washed two times with ice-cold PBS and lysed, and Western blot analysis was performed as described previously by our group (for references please see 5 and 38) . The immunodetection of the StAR protein was performed by using the antisera for StAR protein kindly provided by Douglas Stocco (14) , whereas HSD3B was detected with antibody kindly provided by Ian Masson (7) . The immunodetection of the CYP11A1 and CYP17A protein levels was performed by commercial antibodies (www.scbt.com). The actin was detected by using an actin detection kit (Oncogene Research Product). The immunoreactive bands were analyzed as two-dimensional images using Image J (version 1.32; http://rsbweb.nih.gov/ij/download.html). The OD of images is expressed as volume (OD ϫ area) adjusted for the background, which gives arbitrary units of adjusted volume (for references please see 5 and 38).
Statistical Analysis
For in vivo studies, the results represent group means Ϯ SE values of individual variation from three to five independent experiments (4 rats per group per experiment). For ex vivo measurement, data represent means Ϯ SE from three to five independent replicates. The results from each experiment were analyzed by Mann-Whitney's unpaired nonparametric two-tailed test (for two-point data experiments), or, for group comparison, a one-way ANOVA, followed by Student-Newman-Keuls multiple-range test.
RESULTS
Effects of Acute and Repeated Stress on Circulating LH, Androgens, and Corticosterone Levels
To prove that animals responded to immobilization, serum LH, androgens (TϩDHT), and corticosterone were measured. As reported previously (39, 40), serum LH was unchanged during acute exposure to immobilization (IMO1ϫ2), but was significantly reduced during exposure of adult male rats to two times (IMO2ϫ2) and ten times (IMO10ϫ2) repeated IMO (Fig. 1A) . Serum androgen level was reduced immediately after acute and twice-repeated IMO. In contrast, a significant recovery of serum androgens was observed following exposure of adult male rats to 10 time repeated IMO (Fig. 1B) . Serum corticosterone significantly increased in all IMO sessions compared with undisturbed control (Fig. 1C) .
Ten Times Repeated Stress Disturbed the Transcription Profile for Steroidogenic Machinery Elements and Partially Recovered Androgen Production in Leydig Cells
The purified Leydig cells obtained from controls and rats exposed to IMO were a source of mRNA for transcriptional analysis and proteins for Western blot analysis. Results of the real-time PCR analysis showed reduced expression of Scarb1, Cyp11a1, and Cyp17a1 in Leydig cells of rats exposed to acute and both types of repeated IMO. The levels of CYP11A1 and CYP17A1 proteins reflected gene expression and were decreased after all IMO types (Fig. 2, insets) . The level of transcript and protein for StAR was increased in Leydig cells from rats exposed to IMO10ϫ2. The level of Hsd3b1 transcript 
NM_012689 F: 5=-GGGCTTCCCCAACACCAT-3= R: 5=-CGTTTCAGGGATTCGCAGAA-3= Gapdh NM_017008 F: 5=-TGCCAAGTATGATGACATCAAGAAG-3= R: 5=-AGCCCAGGATGCCCTTTAGT-3= Actb NM_031144 F: 5=-TTCAACACCCCAGCCATGT-3= R: 5=-TGGTACGACCAGAGGCATACAG-3=
Primers were designed by using software Primer Express 3.0 (Applied Biosystems) and full genes sequences from the NCBI Entrez Nucleotide database (www.ncbi.nlm.nih.gov/sites/entrez). See the Glossary for definitions.
decreased, but Hsd3b5 transcript increased in Leydig cells from IMO10ϫ2 rats. In the same cells, HSD3B protein level remained unchanged (Fig. 2, inset) (Fig. 2C) . Transcription of Lhr, Tspo, and Cyp19a1 in Leydig cells from stressed rats remained unchanged ( Fig. 2A) .
Real-time PCR analysis for some transcription factors involved in regulation of steroidogenic gene expression showed significant increase of Dax1 transcript in Leydig cells of rats exposed to IMO10ϫ2 while Sf1 (transcriptional antagonist of Dax1) was not changed. Repeated stress also stimulated the expression of Arr19 in Leydig cells, but did not affect Ar transcription. The expressions of Stat5a (known regulator of Hsd3b promoter) and Esr1 were not affected by stress (Fig. 2B ).
In the same experimental condition, the level of testosterone produced in medium or in Leydig cell content was significantly reduced after acute and twice-repeated IMO. In contrast, a significant recovery of androgen production in Leydig cells was observed following exposure of adult male rats to IMO10ϫ2 compared with IMO1ϫ2 (Fig. 2D) .
Ten Times Repeated Stress Increased the Level of Transcripts for Some Adenylyl Cyclases and cAMP-Specific PDEs, but Did Not Affect PKA Subunits in Leydig Cells
Considering the importance of the cAMP-PKA signaling pathway for Leydig cell steroidogenesis, the real-time PCR analysis for elements of this signaling in Leydig cells from control and stressed rats was performed. Results showed a significant increase in the expression of adenylyl cyclases Adcy7, Adcy9, and Adcy10 in Leydig cells from rats exposed to IMO10ϫ2. IMO did not change the level of Adcy3, Adcy5, and Adcy6 transcripts in Leydig cells (Fig. 3A) .
The expression level of genes encoding PKA subunits (Pkaca, Pkacb, Pkar1a, Pkar2a, Pkar2b) in Leydig cells was not considerably affected by immobilization (Fig. 3B) .
In the same samples, transcription of cAMP-specific PDEs was disturbed (Fig. 3C) . The expression of Pde4a, Pde4b, Pde4d, Pde7a, and Pde8a significantly increased in Leydig cells from rats exposed to IMO10ϫ2. The level of Pde7b and Pde8b was not significantly affected after IMO treatments (Fig. 3C) .
The product of adenylyl cyclase and PDE interplay, cAMP, was significantly reduced in medium and in content of Leydig cells from all stressed rats compared with control (Fig. 3D ).
Acute and Repeated Stress Induced Increase in the Level of Transcript for Hsd11b2 but Did Not Change Transcripts for Hsd11b1 and Receptors for Stress Mediators (Crhr1, Crhr2, Acthr, Gr) in Leydig Cells
Because stress activates the hypothalamo-pituitary-adrenocortical axis, the transcription profiles of Crhr1, Crhr2, Acthr, and Gr in Leydig cells isolated from normal and stressed rats Crhr1 NM_030999 F: 5=-GGTTGGTGACAGCCGCCTACA-3= R: 5=-TCCACTTGCGCAGACGGTCG-3= Crhr2 NM_022714.1 F: 5=-AATGGGACCTGGGCCTCAA-3= R: 5=-ATGATGAGGGCGATTCGGTAA-3= Gr (Nr3c1) NM_012576 F: 5=-AAAATGGGTCGGTGCTTCTA-3= R: 5=-CGGTTAATCTGCACAGCCTAT-3= Hsd11b1 NM_017080 F: 5=-AAATACCTCCTCCCCGTCCT-3= R: 5=-TTTCTCTTCCGATCCCTTTG-3= Hsd11b2 NM_017081 F: 5=-CAAACCCTTCCCCCACAG-3= R: 5=-GGCTGGGCTTTTCTTAACAG-3= Gapdh NM_017008 F: 5=-TGCCAAGTATGATGACATCAAGAAG-3= R: 5=-AGCCCAGGATGCCCTTTAGT-3= Actb NM_031144 F: 5=-TTCAACACCCCAGCCATGT-3= R: 5=-TGGTACGACCAGAGGCATACAG-3=
Primers were designed by using software Primer Express 3.0 (Applied Biosystems) and full genes sequences from the NCBI Entrez Nucleotide database (www.ncbi.nlm.nih.gov/sites/entrez). See the Glossary for definitions. Fig. 3 )
Table 2. Primer sequences used for real-time PCR analysis of cAMP signaling pathway elements in Leydig cells isolated from control or IMO-treated rats (results are presented in
Primer Sequences Adcy3 NM_130779 F: 5=-GCATCGAAACCTACCTCATCA-3= R: 5=-TGGGCTCCTTGGTCTCAATAA-3= Adcy5 NM_022600 F: 5=-AACCAGGTGAACGCATGTCA-3= R: 5=-CTCTGGGAAGTTGCAGTTGGA-3= Adcy6 NM_012821 F: 5=-CTGCCTCAGCCTGCTTATGTG-3= R: 5=-GGAGTCCTGGCGGAAGCT-3= Adcy7 NM_053396 F: 5=-TTCCGTGCGTGTAACCCGCT-3= R: 5=-GCCTTCTGCCTCCGTCCGTT-3= Adcy9 NM_001106980 F: 5=-TCACCAAGCTGTACGCCCGG-3= R: 5=-GGGCTGTCAACACGTCCCGA-3= Adcy10 NM_021684
F: 5=-CCAGGCATCGTGACCTGCGA-3= R: 5=-ACTGGTCCGGGATCCGCAAC-3= Pkaca NM_001100922 F: 5=-TCAGTGAGCCCCACGCCCGTT-3= R: 5=-TCTCGGGCTTCAGGTCCCGG-3= Pkacb NM_001077645 F: 5=-GGGTCATGGGGAACACGGCG-3= R: 5=-CCAGCATTACTCGGGGGAGGGT-3= Pkar1a NM_013181
F: 5=-TGTGCTGCAGCGTCGGTCAG-3= R: 5=-AGTGGCAGCCCGAGGACGAT-3= Pkar2a NM_019264
F: 5=-GCCCGACCTCGTCGACTTCG-3= R: 5=-TCCTGCGCGTGAAAGGTCGT-3= Pkar2b NM_001030020
F: 5=-CCCATGCGCTCCGATTCCGA-3= R: 5=-GCACATACCGAGGCACGCCT-3= Pde4a NM_013101 F: 5=-CGGGAGCGTGGAATGG-3= R: 5=-GATGAAGCCCACCTGAGACTT-3= Pde4b NM_017031 F: 5=-AGGCCTGCACAAAACAAAGG-3= R: 5=-CCTTGCATTCTGGCTCCAAA-3= Pde4d NM_001113328 F: 5=-GCTACCTGTACTGCCGTGCCAT-3= R: 5=-AAGACGAGGGCCAGGACATCCT-3= Gapdh NM_017008 F: 5=-TGCCAAGTATGATGACATCAAGAAG-3= R: 5=-AGCCCAGGATGCCCTTTAGT-3= Actb NM_031144 F: 5=-TTCAACACCCCAGCCATGT-3= R: 5=-TGGTACGACCAGAGGCATACAG-3=
were followed. In the same samples, the level of transcripts for Hsd11b2 (the unidirectional oxidase with high affinity to inactivate glucocorticoids in Leydig cells) and Hsd11b1 (the bidirectional oxidoreductase) were registered. Results showed that stress did not change the transcriptional profile of Crhr1, Crhr2, Acthr, and Gr in Leydig cells. In contrast, a significant gradual increase of transcript for Hsd11b2 was observed in Leydig cells from stressed rats with culmination in the IMO10ϫ2 group. The transcript for Hsd11b1 remained unchanged (Fig. 4) .
Ten Times Repeated Stress Increased the Level of Transcripts for All Adrenergic Receptors and ␤-Adrenergic Receptor Kinase 1 in Leydig Cells
Elevated level of circulating epinephrine is one of the stress mediators/hormones; therefore, it was interesting to analyze the effects of IMO on the transcription profile of ␣-and ␤-adrenergic receptors in Leydig cells, especially because some of them activate cAMP signaling. Results showed significant increase in the levels of transcripts for adrenergic receptors Adra1a, Adra1d, Adrb1, and Adrb2 in Leydig cells from rats exposed to IMO10ϫ2 compared with the control and IMO1ϫ2 groups. The expression of Adra1b transcript was stimulated with both types of repeated stress, IMO2ϫ2 and IMO10ϫ2. The strongest stimulation of expression was observed for Adra2a and Adra2b in Leydig cells from all stressed groups (Fig. 5A) .
In the same cells, the expression of Adrbk1 (␤-adrenergic receptor kinase 1) transcript was stimulated in Leydig cells from rats exposed to both types of repeated IMO (IMO2ϫ2 and IMO10ϫ2), whereas Adrbk2 remained unchanged (Fig. 5B) .
The physiological significance of the present results was proven by ex vivo application of epinephrine, which increased cAMP and testosterone production by Leydig cells from control rats in greater fashion than from stressed (Fig. 5C ).
DISCUSSION
In this study, we have demonstrated for the first time the profile of adenylyl cyclases and cAMP-specific PDEs in Leydig cells of normal adult rats. In addition, it is the first report of the effects of acute and repeated psychophysiological stress on the transcription profile of the steroidogenic machinery elements (including also cAMP-specific PDEs and PKA subunits), and the receptors for stress mediators in Leydig or any other steroidogenic cells. The results showed that 10 times repeated IMO: 1) disturbed steroidogenic machinery and increased the expression of transcripts for Dax1 and Arr19 in Leydig cells; 2) stimulated transcription of Adcy7, Adcy9, Adcy10, and cAMP-specific Pde4a, Pde4b, Pde4d, Pde7a, Pde8a, but did not affect PKA subunits; 3) did not affect the expression of transcripts for Crhr1/Crhr2, Acthr, Gr, and Hsd11b1, whereas all types of IMO stimulated the expression of Hsd11b2 (the unidirectional oxidase with high affinity to inactivate glucocorticoids); and 4) increased the levels of transcripts for all adrenergic receptors and Adrbk1 in Leydig cells. The transcription analysis was supported by cAMP/ testosterone production. In this signaling scenario, as a physiological significance of the presented results, partial recovery of testosterone production in Leydig cells medium/content and serum was detected.
The ability of stress to inhibit reproductive function is well documented (27, 28, 37, 38, 39, 40, 50, 55, 56, 64, 72) . A sharp decline of serum testosterone is one of the first signs of IMO. Adra1a NM_017191 F: 5=-CGAATCCAGTGTCTTCGCAG-3= R: 5=-ACCATGTCTCTGTGCTGTCCC-3= Adra1b NM_016991 F: 5=-GCTCCTTCTACATCCCGCTCG-3= R: 5=-AGGGGAGCCAACATAAGATGA-3= Adra1d NM_024483 F: 5=-GAAGGTGATGGGTTATGGTG-3= R: 5=-GAAGCCATAGCTGAAGCCT-3= Adrb1 NM_012701 F: 5=-TGCCCATCCTCATGCACTGGTG-3= R: 5=-GTAGGCCCGGTTGGTGACGAAA-3= Adrb2 NM_012492 F: 5=-CGCCCTTCAAGTACCAGAGCCT-3= R: 5=-TTGCTTGTGGGTGGCACGGT-3= Adrb3 NM_013108 F: 5=-ACCTAGCCGTCACCAACCCTCT-3= R: 5=-ACACGCCACCACTGGCTCAT-3= Adrbk1 NM_012776 F: 5=-GCAGCGAGTGCCCAAGATGAAG-3= R: 5=-CACTGCCACGCTGAATCAGTGG-3= Adrbk2 NM_012897 F: 5=-GAGCTGACGTGCACCTTCAACG-3= R: 5=-GATGGCGGCACGTGGTTTGT-3= Gapdh NM_017008 F: 5=-TGCCAAGTATGATGACATCAAGAAG-3= R: 5=-AGCCCAGGATGCCCTTTAGT-3= Actb NM_031144 F: 5=-TTCAACACCCCAGCCATGT-3= R: 5=-TGGTACGACCAGAGGCATACAG-3=
Primers were design by using software Primer Express 3.0 (Applied Biosystems) and full genes sequences from NCBI Entrez Nucleotide database (www.ncbi.nlm.nih.gov/sites/entrez). See the Glossary for definitions. Acute stress-induced reduction of testosterone production appears to be related to the inhibition of the activities of testicular steroidogenic enzymes (50, 55, 56, 72) . On the contrary, in prolonged or repeated stress, despite reduced circulating LH, testosterone production starts to recover, suggesting that the increased steroidogenic capacity of Leydig cells is somehow associated with restored activity of steroidogenic machinery (39, 40) .
In this study, we showed that the most sensitive components of steroidogenic machinery in Leydig cells are Scarb1 and the key CYP enzymes (Cyp11a1, Cyp17a1). The expression of these transcripts was inhibited in response to all types of stress. Possible explanation for decreased Scarb1 expression could be the decreased level of testosterone, since it was demonstrated that testosterone led to a dose-dependent upregulation of SRB1 mRNA and the protein levels (42) . CYP11A1 is the first enzyme controlling the synthesis of all steroid hormones. Basal and/or cAMP-mediated gonadal regulation of the Cyp11a1 involves SF1/LRH1, surfactant protein-1, GATA4, cAMPresponse element-binding protein (CREB), and activator protein-1 family members (reviewed in Refs. 43, 51, and 54). Downregulation of LH/hCG-cAMP signaling in Leydig cells from stressed rats could be one of the causes of declined Cyp11a1 expression. In mice, glucocorticoid dexamethasone negatively regulates P450scc (59) . Although the expression of Cyp17a1 is regulated by a variety of tissue-specific and species-specific transcription factors (70) , decreased Cyp17a1 transcription could also be the consequence of downregulation of LH/hCG-cAMP signaling in Leydig cells from stressed rats.
Results of this study showed that the level of transcript and protein for StAR was increased in Leydig cells from rats exposed to IMO10ϫ2. Previous results showed that same type of IMO stimulated the expression of both PKA and PKG and increased phosphorylated/total StAR protein (39, 40) . The cAMP-and PKA-dependent phosphorylation of StAR protein initiates the transcriptional and co-/posttranslation events responsible for an increase in StAR biological activity (45, 49, 73) . It is well documented (reviewed in Refs. 49, 58, and 73) that different signaling pathways/molecules, other than cAMP, can regulate StAR expression and/or activity. Some of them are cGMP (3, 4, 5, 22, 40) , mitogen-activated protein kinase/ extracellular signal-regulated kinase (49, 60) , DAX1 (47), protein kinase C (48), Janus kinase 2 (44), thyrosin phospha- , and HSD3B in Leydig cells isolated from control and immobilized rats. ACTB was used as internal control and is presented on the bottom of the panels. The same internal/loading control is appropriate and was presented on the bottom of the panels for CYP11A1, HSD3B, and CYP17A1, since all of them were obtained from the same membrane. The representative blots were shown on panels while pooled data from scanning densitometry normalized on ACTB values are shown as bars on the top of the blots and represent means Ϯ SE for three independent experiments. B: quantitative gene expression of Sf1, Dax1, Arr19, Stat5a, Ar, and Esr1 in Leydig cells isolated from control and immobilized rats. C: the activity of HSD17B in postmitochondrial fractions of Leydig cells obtained from control/IMO rats. D: ex vivo androgen (TϩDHT) accumulation in medium and content of Leydig cells isolated from control and immobilized rats. In this and Figs. 3-6, rats were subjected to IMO1ϫ2, IMO2ϫ2, or IMO10ϫ2, or were left undisturbed (controls). At the end of the IMO period, trunk blood was collected from control and IMO animals, and Leydig cells were isolated (for details please see MATERIALS AND METHODS). The part of Leydig cell suspensions from control or IMO rats was used to prepare postmitochondrial fractions and estimate HSD17B activity (C), whereas other Leydig cells (5 ϫ 10 6 ·5 ml Ϫ1 ·well Ϫ1 ) were incubated for 2 h, and androgen (TϩDHT) accumulation in medium and content (D) was measured by RIA (for details please see MATERIALS AND METHODS). Quantitative gene expression of steroidogenic machinery elements (A) and transcription factors (B) in Leydig cell isolated from control and immobilized rats were followed by RQ-PCR using specific primers (please see Table 1 ), whereas protein expression was analyzed by Western blot. For abbreviations, please see the Glossary. Data bars are group mean Ϯ SE values of three independent in vivo experiments. Statistical significance at level P Ͻ 0.05 vs. the control group (*) and vs. the IMO1ϫ2 group (#).
tases (15) , etc. In addition, it was reported that the StAR is negatively regulated by gonadotropin-regulated testicular RNA helicase (21) and natural antisense transcripts (11) , and that the zinc finger protein (TIS11b) and salt-inducible kinase (SIK) may combine to attenuate StAR expression when hormonal stimuli decline (35) .
An interesting and rather unexpected finding of this study was that IMO10ϫ2 induced a decrease of Hsd3b1 transcript, but increase of Hsd3b5 transcript in Leydig cells. In the same cells, HSD3B protein level remained unchanged. All types of stress decreased Hsd17b3 transcripts in Leydig cells, but did not change Hsd17b4. It was suggested that corticosterone might have a direct effect on the transcription of the genes for HSD3B and HSD17B. The in vivo and in vitro studies showed that one of the molecular mechanisms by which excess corticosterone decreases the steroidogenic potency of Leydig cells is by suppressing the mRNA expression of HSD3B1 and HSD17B3 enzymes (6) . On the other hand, it was reported that the mRNA, protein, and activity of HSD3B were significantly increased in Leydig cells of corticosterone-deficient animals, whereas the mRNA levels and the specific activities of CYP11A1 and HSD17B were decreased (57) . Furthermore, glucocorticoid agonist, dexamethasone, negatively regulates the expression of HSD3B (59) .
In this study, results of real-time PCR analysis for some transcription factors regulating the steroidogenic gene expression showed significant increase of Dax1 transcript in Leydig cells of rats exposed to IMO10ϫ2, whereas Sf1 (transcriptional antagonist of Dax1) was not changed. As a nuclear receptor, DAX1 has been shown to function as a transcriptional repressor, particularly of pathways regulated by other nuclear receptors, each by distinct repression mechanisms (34) . Results of this study showed that the repeated stress also stimulated the expression of Arr19 in Leydig cells, but did not affect Ar transcription. ARR19 may act as an AR corepressor in vivo and play an important role in male reproductive functions (36) . ARR19 gene expression in testicular Leydig cells is regulated by LH-cAMP signaling via the control of GATA-1 expression (62). ARR19 suppresses Nur77-induced promoter activity of steroidogenic enzyme genes, including StAR, CYP17A1, and HSD3B in Leydig cells (61) . Fig. 4 . Acute and repeated stress increased the level of transcript for Hsd11b2, the unidirectional oxidase with high affinity to inactivate glucocorticoids in Leydig cells, but did not change transcripts for Hsd11b1 and receptors for stress mediators (Crhr1, Crhr2, Acthr, Gr). RQ-PCR analysis was performed by TaqMan technology using TaqMan Low Density Rat GPCR Panel and by SYBR Green technology in the presence of specific primers (please see Table  3 ). For abbreviations, please see the Glossary. Data bars are group mean Ϯ SE values of three independent in vivo experiments. Statistical significance at level P Ͻ 0.05 vs. control group (*) and vs. IMO1ϫ2 group (#). Table 2 ). C: quantitative gene expression of Pde4a, Pde4b, Pde4d, Pde7a, Pde7b, Pde8a, and Pde8b. RQ-PCR analysis was performed by TaqMan technology using TaqMan Low Density Rat Phosphodiesterase Panel. For Pde4a, Pde4b, and Pde4d, RQ-PCR reactions were also performed by SYBR Green technology in the presence of specific primers (please see Table 2 ). For abbreviations, please see the Glossary. Data bars are group mean Ϯ SE values of three independent in vivo experiments. Statistical significance at level P Ͻ 0.05 vs. the control group (*) and vs. the IMO1ϫ2 group (#).
All together, it is well known that regulation of steroidogenic gene transcription is quite complicated and multifactorial, and it includes a broad range of different transcription factors (reviewed in Refs. 43, 51, 54, 69, and 71) . In Leydig cells, StAR, CYPs, and HSD3B, cAMP-regulated promoter activity primarily involves SF1, CREB/CREM, and GATA4 and is modulated by other transcriptional cofactors. The orphan nuclear receptor and transcription factor SF1 (now termed NR5A1) is expressed in all steroidogenic tissues. SF has been shown to increase expression of the steroidogenic machinery by binding to its response element site found in the promoter regions of the genes encoding for STAR, CYPs, and HSD3B (reviewed in Refs. 43, 51, 54, 69, and 71) . Although our results demonstrated that IMO10ϫ2 differently affect steroidogenic gene expression, we were not able to detected changes in Sf1 transcript. The lack of immobilization to change Sf1 expression in purified Leydig cells suggests that other transcription factors/signaling pathways are more affected with stress. Recent study showed that the steroidogenesis in Leydig cells could be disturbed by ARR19, an anti-steroidogenic factor negatively regulated by LH-cAMP signaling (61, 62) .
Considering the importance of the cAMP-PKA signaling pathway for Leydig cell steroidogenesis, the real-time PCR analysis for elements of this signaling in Leydig cells from control and stressed rats was performed. Results showed significant increase in the expression of adenylyl cyclases Adcy7 (the most abundantly expressed cAMP "maker" in Leydig cell of normal rat), Adcy9, and Adcy10 in Leydig cells from rats exposed to IMO10ϫ2. The expression level of genes encoding PKA subunits (Pkaca, Pkacb, Pkar1a, Pkar2a, Pkar2b) in Leydig cells was not considerably affected by immobilization, although previous results showed increased PKA protein in Leydig cells from rats exposed to IMO10ϫ2 (39) . In the same samples, the expression of cAMP-specific PDE, the most abundantly expressed PDEs (Pde4a, Pde4b, Pde4d, Pde7a, Pde8a), significantly increased in Leydig cells from rats exposed to IMO10ϫ2. Interestingly and oppositely, it was demonstrated that the same type of stress decreased the expression of transcript for dual (Pde1a, Pde3a, Pde3b, Pde10a) and cGMP-specific (Pde5a, Pde6d, Pde9) PDEs in Leydig cells (40) , suggesting that cGMP signaling is also involved in stress-induced adaptation of Leydig cells. Our results showed that the product of adenylyl cyclases and PDEs interplay, cAMP, was significantly reduced in medium and in content of Leydig cells from all stressed rats compared with control. In IMO10ϫ2 groups, this observation is most probably a consequence of decline of circulating LH accompanied with the increased transcripts of cAMP-specific PDE transcript. Decreased cAMP level in Leydig cells from rats exposed to acute IMO could not be explained by LH and/or PDEs, since these parameters remained unchanged.
The stress stimuli may release into the general circulation factors that can penetrate the gonads and act directly on sex steroid-producing cells, or are produced by the gonads themselves (63) . Indeed, the rodent testis harbors a wide array of neurotransmitters and peptides believed to participate in the activity of Sertoli and Leydig cells, including vasopressin, proopiomelanocortin-related entities, ACTH, CRH, and many more (21) . There is opposite evidence about CRH effect on Leydig cells. Some studies suggested that CRH exerted a strong inhibitory effect on rat Leydig cell activity (reviewed in Ref. 17) , whereas other investigators reported a stimulatory effect of this peptide on steroidogenesis in the mouse testis (29, 33) . It is well documented that plasma levels of CRH and glucocorticoids increase during stress (30, 31, 32, 55, 56, 72) and that adrenal glucocorticoids may mediate some of the effects of acute stress on the gonadal axis (24, 26, 27, 28, 32, 55) . Because one determinant in setting the level of glucocorticoid activity in Leydig cells is whether the steroid is metabolized, we followed the expression 11␤HSD transcripts. Our results clearly showed that the acute and repeated stress induced an increase in the level of transcript for Hsd11b2 (the unidirectional oxidase with high affinity to inactivate glucocorticoids in Leydig cells) but did not change transcripts for Hsd11b1 in Leydig cells. It was already demonstrated (23; reviewed in Ref. 27 ) that the Leydig cells express both glucocorticoid-metabolizing enzymes HSD11B type 1 and 2. They both play a protective role, opposing the adverse effects of excessive corticosterone on testosterone production. The level of 11␤HSD2 expression is 1,000-fold lower compared with HSD11B1 in Leydig cells, but the high affinity of the second isoform for substrate ensures that it is able to modulate levels of glucocorticoid activity by oxidatively inactivating corticosterone to biologically inert 11-dehydrocorticosterone. Although HSD11B1 is primarily a reductase in liver and fat, the intracellular environment of Leydig cells and the cytoplasmic redox potential in particular cause HSD11B1 to be a predominant oxidase and to serve as a Leydig cell redox generator for CYP17A1 and HSD17B3 enzymes (23; reviewed in Ref. 27) .
Giving the essential evidence that elevated level of circulating epinephrine is the one of the stress hallmarks, it was interesting to analyze the effects of IMO on the transcription profile of ␣-and ␤-ADRs in Leydig cells, especially because some of them activate cAMP signaling. A rather unexpected and interesting finding was significant increase in the levels of transcripts for all ␣-and ␤-ADRs in Leydig cells from rats exposed to IMO10ϫ2. In the same cells, the expression of Adrbk1 transcript was stimulated in Leydig cells from rats exposed to both types of repeated IMO. According to our knowledge, there is not much evidence about the stress effect on transcripts for adrenergic receptors in Leydig cells, although monoamines are known to be signaling agents in the testis (1, 2, 52, 53). However, it was recently reported that the restraint stress-induced increase in ␣ 1d -ADR mRNA expression in the dentate gyrus (9) and our results are in line with that. In addition, it is well documented that stress accelerates both release and turnover of brain monoamines and their receptors. Expression of adrenergic receptors is reduced by glucocorticoids, whereas gonadal hormones such as testosterone can counterbalance the glucocorticoid effects (reviewed in Refs. 19 and 20) . Because of this, the pattern of monoamine receptors in certain brain regions undergoes dynamic changes when there are elevated concentrations of agonists or when the hormonal milieu changes (reviewed in Refs. 19 and 20) . In vitro experiments have shown that glucocorticoids can upregulate ␣ 1d -ADR mRNA expression (reviewed in Refs. 19 and 20) . Glucocorticoids directly influence many steps in the ␤-ADR signaling pathway, including supersensitization through increased ␤-agonist stimulation of AC, potentiation of high-affinity ␤-agonist binding, and upregulation of ␤-ADR gene transcription and receptor expression in lung tissues (for references please see Ref. 46 ). In addition, stress and glucocorticoids impair memory retrieval via ␤ 2 -ADR, G i/o -coupled suppression of cAMP signaling (68) .
Cross talk involving adrenergic receptors, particularly between ␤ 1 -and ␣ 1 -ADRs, has already been well reported. For example, in rat neonatal cardiomyocytes, stimulation of ␣ 1 -ADRs is able to inhibit ␤-ADR-mediated cAMP accumulation (8) . In addition, it has been found that overexpression of ␣ 1 -ADR causes ␤-ADR desensitization and that both ␣ 1 A-and ␣ 1 B-ADRs cross talk to downregulate ␤ 1 -ADRs in mouse heart: coupling to differential PTX-sensitive pathways (65) . Accordingly, the physiological significance of the results present in this study was proven by ex vivo application of epinephrine, which increased cAMP and testosterone production by Leydig cells from control rats in greater fashion than from stressed. Possible explanation for this could be the eventual heterologous desensitization (PKA-mediated receptor phosphorylation) and "switching of" the epinephrine-occupied receptors from G s to G i , reported previously (16) .
Stress elicits epinephrine and glucocorticoid into the bloodstream to initiate physiological and behavioral responses to counter and overcome stress, the classic "fight or flight" response (10). Our results clearly showed that Leydig cells responded to stress by developing the "fight and adaptive" response on the transcriptional level. Ten times repeated IMO increased the level of transcripts for all adrenergic receptors and Adrbk1 in Leydig cells. The expressions of Adcy7, Adcy9, and Adcy10 were stimulated. In the same cells, increased transcription for the most abundantly expressed cAMP "removers" in Leydig cells (Pde4a, Pde4b, Pde4d, Pde7a, Pde8a) was registered. By this transcriptional signaling scenario, it is possible that the Leydig cell is trying to modulate cAMP signaling and to switch the epinephrine-occupied receptors from G s to G i to control both the intracellular bursts of cAMP (through the epinephrine-␤-ADR activation of G s and increased Adcy) and the basal cAMP (through the epinephrine-␤-ADR-ADRBK1/PDE4d G i -mediated braking effect). Protection from corticosteroids is provided by increased expression of transcript for glucocorticoid-inactivating enzyme Hsd11b2 (the unidirectional oxidase). Thus, results present in this paper provide new molecular/transcriptional base for the "fight/adaptation" of Leydig cells in response to the stress of the whole organism (Fig. 6) and could be of possible interest to further investigation in light of posttraumatic stress disorders.
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